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Abstract: We consider the production of a Higgs boson in association with two elec-
troweak vector bosons at hadron colliders. In particular, we examine γγH, γZH, ZZH,
and W+W−H production at the LHC (14 TeV), HE-LHC (27 TeV), and FCC-hh (100
TeV) colliders. Our main focus is to estimate the gluon-gluon (gg) fusion contributions to
pp → V V H (V = γ, Z,W ) and compare them with corresponding contributions arising
from the quark-quark (qq) channels. Technically, the leading order gluon-gluon fusion con-
tribution to pp→ V V H cross section is a next-to-next-to-leading order correction in strong
coupling parameter, αs. We find that in the gluon-gluon fusion channels, W+W−H has the
largest cross section. However, with respect to the quark-quark channels, the gg → ZZH
process is the most important one. At FCC-hh, gg → ZZH contribution is comparable
with the next-to-leading order QCD correction to qq → ZZH. Further, we have studied
beyond the standard model effects in these processes using the κ-framework parameters
κt, κV and κλ. We find that the gg channel processes ZZH and WWH have very mild
dependence on κλ. The qq channel processes mainly depend on κV .ar
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1 Introduction
After the discovery of a resonance at 125 GeV at the Large Hadron Collider (LHC) in 2012,
many properties of this new particle have been studied so far. The spin and parity measure-
ment of this new particle establishes it as a 0+ state with more than 99.9% CL against many
alternative scenarios[1]. Couplings of this new particle with the fermions and gauge bosons
are getting constrained with the newly accumulated data at the LHC and are consistent
with the standard model (SM) Higgs boson values within experimental uncertainties[2–4].
Vector-boson fusion and associated production of V H helps in determining V V H couplings,
while the gluon-gluon fusion production of the Higgs boson constrains the tt¯H coupling.
Evidence for associated production of Higgs boson with top-quark pair[5, 6] will provide
the direct measurement of tt¯H coupling. We still need to measure Higgs self-couplings in
order to know the form of the Higgs potential which will in turn reveal the exact symmetry
breaking mechanism.
So far there is no constraints on HHV V couplings. Here we are considering the pro-
cesses pp → γγH, γZH, ZZH and W+W−H as most of the processes contain one or
other of the above couplings. Since there is no serious bound on some of the couplings,
detecting these processes at the LHC, may help us to constrain the bounds on the couplings.
Moreover, these processes are also background to pp→ HH when one of the Higgs bosons
decay into γγ/γZ/ZZ∗ or WW ∗ final states. The process pp → ZZH is a background to
pp→ HHH when two of the three Higgs bosons decay into bb¯ final states. The double and
triple Higgs production processes are relevant to the measurements of trilinear and quartic
Higgs self-couplings at hadron colliders.
Loop-induced decay and scattering processes can play an important role in searching for
new physics. In presence of new physics (new particles and/or interactions ), the rates for
such processes can differ significantly from their standard model predictions. In this regard,
many gluon fusion scattering processes in 2→ 2 and 2→ 3 category have been studied [7–
32]. We are interested in loop-induced gluon fusion contribution to V V H processes. In
QCD perturbation theory, the leading order gg contribution to pp → V V H is a NNLO
contribution at the cross section level. Due to many electroweak couplings involved and
loop-induced nature of gg → V V H processes, their cross sections are expected to be small.
However, they can be important at high energy hadron colliders like 100 TeV pp collider
such as proposed FCC-hh facility at CERN [33] and SPPC facility in China [34]. At such
energy scale the gluon flux inside the proton becomes very large. In fact, for γγH, the
gg channel gives the dominant contribution. The gluon fusion contribution to ZZH and
WWH has been studied in the past [16, 35, 36]. ZZH has been studied in the context
of the standard model only, for WWH study BSM scenario has also been considered [37].
In this work, we present a detailed study of gg → γγH and γZH for the first time in the
SM. And, we study the effect of new physics in all V V H processes using a common BSM
framework, the κ-framework.
The paper is organized as follows. In Sec. 2, we discuss the diagrams which contribute
to gg → V V H amplitudes. The model independent framework to study new physics effects
is outlined in Sec. 3. In Sec. 4, we provide details on the calculation techniques and various
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Figure 1: Different classes of diagrams for gg → V V H, V = γ, Z. In diagram (b), q
represents all quark flavours. Process gg → γγH receives contribution only from (a) type
diagrams, while gg → γZH gets contribution from both (a) and (b) type diagarms. In case
of ZZH, the diagrams (b) and (f) cover the situation in which H is attached to the other
Z boson.
checks that we have performed in order to verify the correctness of our code. In Sec. 5,
we present numerical results in SM and BSM scenarios for all the V V H processes we have
considered. Finally, we summarize and conclude our results in sec. 6.
2 Gluon Fusion Contribution to V V H
The gluon-gluon contribution to pp→ V V H is a loop-induced scattering process mediated
by quark loop Feynman diagrams. The classes of diagrams contributing to gg → V V H
processes are shown in Fig. 1. For convenience the diagrams contributing to gg → WWH
process are shown separately in Fig. 2. The γγH process receives contribution only from
the pentagon diagrams, while, γZH receives contribution from both pentagon and box
type of diagrams. In case of gg → ZZH, WWH processes triangle class of diagrams also
contribute. We have taken all the quarks but the top quark as massless due to which only
top quark contribution is relevant in diagrams where Higgs is directly attached to the quark
loop. In the diagrams where Higgs does not couple to the quark loop directly, light quarks
can also contribute. The complete set of diagrams for each process can be obtained by
permuting external legs. These permutations imply that there are 24 diagrams in pentagon
topology, 6 diagrams in each box topology and 2 diagrams in each triangle topology. When
there is only one type of quark flavour in the loop, all these diagrams are not independent.
Due to Furry’s theorem only half of them are independent [38]. This observation leads to
a significant simplification for the overall calculation. This simplification, however, is not
applicable to the WWH case, where flavour changing interaction is involved in the quark
loop. For example, see (a) and (b) in Fig. 2.
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Figure 2: Different classes of diagrams contributing to gg →WWH process. With respect
to ZZH, new classes of box and triangle diagrams appear due to Z −W −W coupling.
In (a) and (b), due to the flavour changing interaction of W with quarks, both the quark
flavours of a given generation enter in to the loop. The diagrams (b), (f) and (i) cover the
case when H is attached to the other W boson.
Thus, there are 12 independent pentagon diagrams (Fig. 1(a)) due to top quark loop
contibuting to γγH. Similarly, γZH receives contribution from 12 pentagon diagrams
(Fig. 1(a)) due to top quark loop and 3 box diagrams (Fig. 1(b)) for each quark flavour.
In principle, 5 light quarks (u, d, c, s, b) and 1 heavy quark (t) contribute. The box class
of diagram arises due to Z − Z −H coupling and has effective box topology of gg → γZ∗
amplitude. Furry’s theorem, in this case, implies that the axial vector coupling of Z boson
with quark does not contibute to gg → γZH amplitude.
Like γZH, the gg → ZZH amplitude receives contribution from 12 pentagon diagrams
with top quark in the loop (Fig. 1(a)). However, there are 6 box diagarms with effective
box topology of gg → ZZ∗ amplitude for each quark flavour which covers the possibilities
of H coupling with any of the two external Z bosons (Fig. 1(b)). Further, a new box type
contribution arises which has effective box topology of gg → HH∗ amplitude (Fig. 1(c)).
Once again there are 3 such diagrams with only top quark in the loop. In addition to that,
there are 4 independent triangle diagarms with top quark in the loop and having effective
triangle topology of gg → H∗ amplitude (Fig. 1 (d), (e), (f)). In gg → ZZH amplitude, the
Furry’s theorem implies that the axial vector coupling of Z boson with quarks contribute
only at the quadratic level.
Among all V V H amplitudes, the structure of gg → WWH amplitude is the most
complex. Due to the involvement of flavour changing interactions in Fig. 2 (a) and (b), the
Furry’s theorem is not applicable in these diagrams. Therefore, 24 independent pentagon
diagrams contribute to WWH process for each generation of quarks. However, since we
neglect Higgs coupling with light quarks including the b quark, there are only 12 non-
zero and independent pentagon diagrams. In Fig. 2 (b), all the three quark generations
contribute. Taking into account the possibility of H coupling with any of the two external
W bosons, there are total 12 independent box diagrams of type (b). In diagrams (a) and
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(b), the axial vector coupling of W with quarks contributes at quadratic as well as at linear
level. Like in ZZH, there are 3 box diagrams of type (c). Due to Z−W−W coupling a new
box contribution of type (d) having effective box topology of gg → HZ∗ amplitude appears.
Furry’s theorem for diagram (d) implies that the vector coupling of Z with quarks does not
contribute to the amplitude. The same explains, the abscence of similar box diagram due
to γ −W −W coupling. Further, there are 4 triangle diagrams with top quark loop (Fig.
2 (e), (f) (g)) as in case of ZZH. New type of 3 independent triangle diagrams for each
quark flavour having effective triangle topology of gg → Z∗ amplitude appear, once again
due to Z −W −W coupling (Fig. 2 (h), (i)). These triangle diagrams are anomalous and
they can receive contribution only from the third generation quarks as the bottom and top
quarks have very different masses. This is indeed the case for (h) type diagrams. However,
we find that (i) type diagrams do not contribute. This is explained in the appendix 1.
3 BSM Parametrization
Measuring the couplings of the Higgs boson with fermions, gauge bosons and with itself is
an important aspect of finding the signatures of new physics at colliders. With the help of
the data collected so far at the LHC, we now know couplings of the Higgs with fermions
with an accuracy of 10-20% and its coupling with vector bosons with an accuracy of 10%.
The Higgs self-couplings, on the other hand, are practically unconstrained [39].
To study the new physics effects in V V H processes we take the simplest approach
of modifying the SM like couplings only, also known as the kappa framework for the
parametrization of new pahysics [40, 41]. In this framework, no new Lorentz structures
and no new interaction vertices appear. The LHC experiments have interpreted the data
using this framework so far. The couplings of our interest are t − t − H, V − V − H,
H −H −H and V − V −H −H. Out of these couplings, gg → γγH is sensitive to only
t − t − H coupling. The V − V − H coupling affects all other processes. The couplings
H −H −H and V − V −H −H affect only gg → V V H, V = Z,W processes.
The modification in these couplings due to new physics is implemented through scale
factor κi for various couplings of the Higgs boson in the SM. In kappa framework, there are
three such scale factors namely κt for Higgs coupling with top, κV for Higgs coupling with
vector bosons (κZZH = κWWH = κV ) 1 and κλ for Higgs coupling with itself. Since in the
SM both V −V −H and V −V −H−H couplings are related, the scaling of V −V −H−H
is also parametrized by κV .
In presence of BSM effects, the amplitudes for the gluon fusion processes depend on
1Note that in the SM, the tree level interaction vertices H − γ − γ and H − γ − Z do not exist.
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κt, κV and κλ as follows.
MBSM(gg → γγH) = κtMSMPEN (3.1)
MBSM(gg → γZH) = κtMSMPEN + κVMSMBX1 (3.2)
MBSM(gg → ZZH) = κtMSMPEN + κVMSMBX1 + κ2tκVMSMBX2 +
κtκV κλMSMTR1 + κtκVMSMTR2 + κtκ2VMSMTR3 (3.3)
MBSM(gg →WWH) = κtMSMPEN + κVMSMBX1 + κ2tκVMSMBX2 +
κtMSMBX3 + κtκV κλMSMTR1 + κtκVMSMTR2 +
κtκ
2
VMSMTR3 + κVMSMBX4 (3.4)
In the above, the amplitude MSMi is related to one of the diagram classes shown in Fig.
1 (Fig. 2 for WWH). This can be easily identified by looking at κ-factors in front of the
amplitude. Note that in WWH amplitude,MSMTR4 includes both (h) and (i) type diagrams
of Fig. 2. This parametrization does not affect the gauge invariance of the amplitudes with
respect to the gluons as it will become clearer in the next section. The standard model
prediction can be obtained by setting κt = κV = κλ = 1.
4 Calculation and Checks
The calculation of quark-loop diagrams is carried out using a semi-automated in-house pack-
age OVReduce [42] which allows the calculation of any one-loop amplitude with maximum
five propagators in the loop. The main steps involve: quark loop trace calculation, one-loop
tensor reduction to master integrals and evaluation of master integrals. Trace calculation
and simplification of the amplitude is done using symbolic manipulation software FORM [43].
Tensor reduction of one-loop amplitudes into one-loop master integrals is done numerically
following the method of Oldenborgh-Vermaseren [44]. Further, the one-loop master inte-
grals are also calculated numerically using the OneLOop package [45]. More details on this
can be found in [13]. We perform the calculation in 4− 2 space-time dimensions to regu-
late ultraviolet (UV) and infrared (IR) singularities of one-loop master integrals. Since the
couplings of Z and W with quarks are chiral, the trace calulation in presence of γ5 needs
special care. We have used 4-dimensional properties of γ5 in the calculation. The fact that
it works is related to the fact that the SM is anomaly free. We have chosen Unitary gauge
for the calculation of the amplitudes.
The amplitude calculation for each process can be efficiently organized using prototype
amplitudes for each class of diagrams. For example, amplitudes for all the 12 independent
pentagon diagrams contributing to γγH can be obtained using only one prototype pentagon
amplitude. Similarly, prototype amplitudes can be identified for each topology contributing
in each process. The full amplitude for each process is a function of external momenta and
polarization vectors/helicities. Due to huge expressions for the amplitudes, we calculate
helicity amplitudes and the squaring of the amplitude for each process is done numerically.
The number of helicity amplitudes for gg → γγH, γZH, ZZH, WWH processes are 16,
24, 36 and 36 respectively.
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There are a number of checks that we have performed to check the correctness of the
amplitudes. We have checked that the amplitudes are separately UV and IR finite. In 4−2
dimensions, these divergences appear as poles in 1/ (for UV and IR) and 1/2 (for IR only).
Each pentagon diagram is UV finite. This we expect from the naive power counting. The
individual box diagram is not UV finite, however, the full box ampitude, in each class, is UV
finite. The UV finiteness of triangle amplitues holds for each diagram. One-loop diagrams
with all internal lines massive are known be IR finite. Thus, IR finiteness check is relevant
to the diagrams with massless quarks in the loop. This includes box class of diagrams of
Fig. 1(b) in γZH and ZZH. In WWH case, potentially IR divergent diagrams include
Fig 2 (a), (b), (h) and (i). Unlike UV, the IR finiteness holds for each diagram [13].
We have also checked the gauge invariance of the amplitudes with respect to the external
gluons. For that we numerically replace the gluon polarization vector µ(p) by its four
momentum pµ and expect a gauge invariant amplitude to vanish. We find that the gauge
invarience check holds for each class of diagrams. This is expected because different box
and triangle topologies for each process arise due to the existance of various electroweak
couplings. This is a very strong check on the organization of our calculation for each
process using only a few prototype amplitudes. However, this check cannot verify relative
signs between different classes of diagrams. To verify relative signs, one needs to perform
gauge invariance check in electroweak theory which is a non-trivial task. We rather rely on
cross-checking the calculation using different methods and tools. We have compared our
matrix element for each process with those calculated using MadLoop [46] and have found
an excellant agreement.
Numerical predictions for cross section and kinematic distributions are obtained us-
ing monte-carlo techniques for phase space integration. We use AMCI [47] package for
monte-carlo phase space integration which is based on VEGAS [48] algorithm and allows
parallelization of phase space point generation and matrix-element computation using PVM
software [49].
5 Numerical Results
The cross section and kinematic distributions for pp → V V H processes in SM and in
BSM constitute the main results of this section. The numetical results are produced using
following basic selection cuts unless stated otherwise.
pγT > 20 GeV, |ηγ | < 2.5, ∆Rγγ > 0.4, |yH,Z,W | < 5. (5.1)
The results for gluon fusion processes are calculated using CT14LO parton distribution func-
tion (PDF) and partonic center-of-mass energy (
√
sˆ) is chosen as common scale for renor-
malization (µR) and factorization (µF ). The results are calculated for three different choices
of collider energies:
√
s = 14, 27 and 100 TeV.
We compare the gluon-gluon (gg) contribution to pp → V V H with contribution from
quark-quark (qq) channels. The qq contribution is calculated at LO and NLO in αs using
MadGraph5_aMC@NLO [46]. The LO and NLO results use CTE14LO and CT14NLO PDFs [50].
The scale choice is same as in gg calculation. In both gg and qq calculations, the scale
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uncertainties are esmitated by varying µR and µF independently by a factor of two. We
quote only minimum and maximum uncertainties thus obtained. In the Literature, it has
been shown that bb¯ initiated process are important when precision is one the main goals
[36]. For all the processes, barring pp → WWH process, the results include bb¯ initiated
channel contribution in five flavor scheme at LO and NLO. Due to technical reasons, NLO
correction for pp→WWH in five flavour scheme is not yet possible.
Next, we study the BSM effect in these processes which as mentioned above is parametrized
in terms of κt, κV and κλ. To compare the relative importance of these couplings we vary
them independently by 10% about their SM values. We have organized results process by
process.
5.1 The process pp→ ZZH
5.1.1 Standard Model Predictions
The cross sections for ZZH production via various channels have been tabulated in Tab 1
with the corresponding scale uncertainties. We present a quantity R, which represents
the ratio of gluon fusion contribution to QCD NLO correction in the qq channel. The gg
fusion contribution becomes important at higher center of mass energy collider, as in this
case lower partonic momentum fraction, x, are accessible, where gluon flux is significantly
large. The gg fusion contributions to ZZH at 14, 27, and 100 TeV colliders are 124 ab,
579 ab, and 7408 ab, respectively. The corresponding values of the LO qq contributions are
2179, 5988, and 36910 ab, respectively2. The ratio, R, is found to be 0.25, 0.4, and 1.05,
respectively. This increase in ratio R with collider energy is quite expected as has already
been discussed.
In the gluon fusion channel, we have observed that the percentage uncertainty due
to renormalization scale variation is much greater than that for factorization scale. As
the normalized distribution with partonic center-of-mass energy is more or less the same
for the three colliders considered (LHC, HE-LHC, FCC-hh), the percentage uncertainty
due to renormalization scale variation are nearly same for them. With the increment in
the renormalization scale, cross section decreases because the αs decreases with increase
in the scale. However, the uncertainty due to factorization scale variation is different for
different collider energies as different x, partonic momentum fraction, contribute at different
colliders. Moreover at 100 TeV collider with increase in factorization scale cross section
increases, while at 14 TeV and 27 TeV colliders it decreases.
In qq initiated channel, at the LO, there is no αs. So, here only factorization scale
plays some role and we see that uncertainty increases with collider energy. However, when
NLO correction is considered, both renormalization and factorization scales have the role.
The overall uncertainty in this case is smaller than the LO case, which is as expected.
Renormalization scale variation is also small as the LO value does not depend on the
renormalization scale and it is much larger than the QCD corrections.
2bb quark contributions are included in here, which are 46 ab, 234 ab, and 4210 ab, respectively. This
has been done in five flavor scheme using Madgraph.
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√
s (TeV) σ ZZH, LOgg [ab] σ
ZZH, LO
qq [ab] σ
ZZH,NLO
qq [ab] R =
σ ZZH, LOgg
(σ ZZH,NLOqq −σ ZZH, LOqq )
14 124+28.2%−21.0% 2179
+0.3%
−0.6% 2695
+1.3%
−0.9% 0.24
27 579+23.3%−18.5% 5988
+2.4%
−3.0% 7421
+1.2%
−1.5% 0.40
100 7408+22%−18% 36910
+8.0%
−8.7% 43950
+1.3%
−2.7% 1.05
Table 1: A comparison of different perturbative orders in QCD coupling contributing to
pp → ZZH cross section at √s = 14, 27, and 100 TeV. The ratio R quantifies the gg
contribution with respect to the NLO correction in qq initiated process.
Interference of various diagrams plays a major role in gg → ZZH production. In Fig. 3,
we have shown theM(ZZH) and pT (H) distributions for penta, box, triangle, sum of their
individual contributions, interference and total at the 100 TeV collider (FCC-hh). As can be
seen, the box has the largest contribution, then comes the triangle contribution and penta
contributes the least. However because of the interference effect, the total contribution is
smaller by about a factor of five than the box contribution.
PEN BX TR
PEN2+BX2+TR2 Interference Tot
200 400 600 800 1000 1200 1400
-2000
-1000
0
1000
2000
gg -> ZZH
M(ZZH) (GeV)
d
σ
d
M
[a
b
/b
in
]
s = 100 TeV
PEN BX TR
PEN2+BX2+TR2 Interference Tot
0 100 200 300 400
-5000
0
5000
gg -> ZZH
p
T
H (GeV)
d
σ
d
p
T
[a
b
/b
in
]
s = 100 TeV
Figure 3: SM contribution of pentagon (blue), box (green), triangle (gray) diagrams, as
well as their squared sum (black), interference (orange) and total (red) contribution to
partonic center-of-mass energy and pT (H) distributions in gg → ZZH at 100 TeV collider
(FCC-hh). As can be seen, there is a strong destructive inteference between the penta, box,
and triangle diagrams.
In Fig. 4, we have plotted pT distribution for leading pT (Z1) , next-to-leading pT (Z2),
and Higgs boson in the left figure, and partonic centre-of-mass energy distribution in the
right figure for the 100 TeV collider. The pT distributions for them peak around 100 GeV,
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50 GeV and 80 GeV, respectively.
√
sˆ distribution peaks around 400 GeV with the threshold
production energy around 300 GeV.
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T
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Figure 4: Kinematic distributions for gg → ZZH in the SM at the 100 TeV collider.
These plots are made with the histogram data obtained after pT ordering of the Z bosons.
Z1 and Z2 refer to the hardest, and second hardest in pT , respectively.
In the left figure of Fig. 5, we see that the shape of pT distribution for Higgs boson in
gg and qq initiated process is nearly same at 100 TeV collider (FCC-hh). In the right figure,
in the top panel, distribution of NLO qq + LO gg and NLO qq and in the bottom panel
ratio of them have been shown. In the bottom panel R2 signifies the ratio of differential
cross section for gg (LO) to that of NLO qq initiated process. The dashed line shows the
ratio of corresponding total cross-sections, which is 0.17. At the tail of the distribution, we
see the gg contribution becomes further important, but there differential cross section itself
is too small.
gg (LO)
qq (LO)
qq (NLO)
0 100 200 300 400
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
pp -> ZZH
p
T
H (GeV)
1 σ
dσ dp
T
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n]
s = 100 TeV
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qq (NLO) + gg (LO)
0
1000
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3000
4000
5000
6000
7000
pp -> ZZH
dσ dp
T
[a
b/
bi
n]
s = 100 TeV
100 200 300 400
1.00
1.05
1.10
1.15
1.20
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1.30
1.35
1.4
p
T
H (GeV)
1+
R
2
Figure 5: The left figure shows the normalized distribution for pT (H) in gg and qq initiated
process. In the top panel of the right figure, we show the distribution of qq (NLO) + gg
(LO) and qq (NLO) production against pT (H). The lower panel shows the ratio of them.
5.1.2 Effect of Anomalous Couplings
After discussing the SM predictiions, we consider BSM effect for this process both in gg
fusion and qq initiated channel. The qq initiated channel depends mainly on κV . However,
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as we have considered bottom quark contribution also, qq initiated channel depends on
κb and κλ as well. For the sake of convenience, even though we change κλ, we do not
change κb from the SM value; its effect is small anyway. As can be seen from the Fig. 1,
the gg channel depends on κt, κλ, and κV. We vary these κ’s by 10%. The results for
these anomalous couplings have been tabulated in Tab. 2. The gg fusion channel strongly
depends on both κt and κV. In the gg fusion channel, ±10% change in κt causes 67% and
-19% change in the cross section, respectively. And ±10% change in κV causes 44% and
-28% change in the cross section, respectively. In the qq channel, κV comes as an overall
factor both for LO and NLO process and the effect of 10% change in κV causes around 20%
change in the cross section.
√
s (TeV) κi σ
ZZH, LO
gg [ab] σ
ZZH, LO
qq [ab] σ
ZZH,NLO
qq [ab] R =
σ ZZH, LOgg
(σ ZZH,NLOqq −σ ZZH, LOqq )
SM 7445 36890 43890 1.06
1.1 12426 [ 67%] 1.77
κt 36890 43890
0.9 6061 [-19%] 0.87
100 1.1 7313 [-2%] 36500 [-1%] 43410 [-1%] 1.06
κλ
0.9 7686 [ 3%] 36390 [-1%] 44150 [ 1%] 1.14
1.1 10728 [ 44%] 44000 [ 19%] 52760 [ 20%] 1.22
κV
0.9 5333 [-28%] 29640 [-19%] 35390 [-19%] 0.93
Table 2: Effect of various anomalous couplings on ZZH production for the 100 TeV
collider. The production cross section of qq initiated channel shows feeble dependence on
all but anomalous κV coupling. The gg fusion channel shows strong dependence on κt and
κV anomalous couplings. The numbers in the square brackets show the percentage change
in the cross-section from the SM value in the corresponding channel because of anomalous
coupling.
In Fig. 6, we show the distributions which show the effect of κt and κV in gg fusion
channel. We show distributions only for these two anomalous couplings since the cross
section shows strong dependence on them. In the top left figure, while maintaining shape
the more or less same, increase in κt increases proportion of higher pT Higgs boson a bit,
while decrease in κt increases proportion of lower pT Higgs boson slightly. In the top right
figure, we show the absolute distribution in the top panel, while in the bottom panel we
show the ratio of distribution with anomalous coupling with that of the SM coupling. We
see that in the bins around 400 GeV, this ratio is around 2 for κt = 1.1. In the lower row,
we show the corresponding plots for κV . In this case also, shape remains more or less same.
In the bottom panel of the right plot, at some of the bins, the ratio of distribution with
κV = 1.1 with that of SM is around 1.5.
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In Fig. 7, we show the effect of κV on the NLO qq initiated channel. In the left figure,
we see that all the lines overlap on each other, which is as expected since κV appears as
an overall factor in this channel because it is present in all the diagrams linearly, unlike in
gg fusion channel where it is present only in some specific diagrams. In the right figure,
we show the distributions in the top panel. In the bottom panel we show the ratio of the
distribution with the anomalous coupling to that of SM. It can be seen, in all the bins the
ratio is nearly same, 1.2 and 0.8 for kV = 1.1 and 0.9, respectively. This is as expected
since the differential cross section depends on k2V as an overall factor.
κt = 1
κt = 1.1
κt = 0.9
0 100 200 300 400
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
gg -> ZZH
p
T
H (GeV)
1 σ
dσ dp
T
[p
er
bi
n]
s = 100 TeV κt = 1
κt = 1.1
κt = 0.9
0
200
400
600
800
1000
1200
gg -> ZZH
dσ dp
T
[a
b/
bi
n]
s = 100 TeV
100 200 300 400
0.0
0.5
1.0
1.5
2.0
p
T
H (GeV)
1+
R
2
κV = 1
κV = 1.1
κV = 0.9
0 100 200 300 400
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
gg -> ZZH
p
T
H (GeV)
1 σ
dσ dp
T
[p
er
bi
n]
s = 100 TeV κV = 1
κV = 1.1
κV = 0.9
0
200
400
600
800
1000
1200
gg -> ZZH
dσ dp
T
[a
b/
bi
n]
s = 100 TeV
100 200 300 400
0.0
0.5
1.0
1.5
2.0
p
T
H (GeV)
1+
R
2
Figure 6: Effect of anomalous values of κt and κV on ZZH production via gluon fusion
channel. The left column shows normalized distribution, and right column shows distribu-
tions and their ratio with the SM one.
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Figure 7: Effect of anomalous value of κV on NLO QCD ZZH production via quark quark
channel. We have not shown the effect of scaling of other couplings as their effect on the
total cross-section is negligible.
5.2 The process pp→WWH
5.2.1 Standard Model Predictions
The cross sections for WWH production via different channels have been tabulated in
Tab 3 with their scale uncertainties. Our main focus is gg fusion channel, as gluon flux
increases tremendously in higher center-of-mass energy collider. The gg fusion contribution
to WWH at 14, 27, and 100 TeV colliders are 290 ab, 1344 ab, and 17403 ab, respectively.
The corresponding values of the LO qq contribution are 8664, 22990, and 126800 ab, re-
spectively3. The ratio, R, is found to be 0.15, 0.19, and 0.43, respectively. Unlike ZZH
production, the contribution of gg fusion channel is relatively smaller.
3bb quark contributions are not included in here as we faced some problem for NLO correction, which
arise because of top resonance in the real diagrams, which needs to be handled carefully. As the LO bb
initiated process can be computed easily in Madgraph, we report cross section for LO bb initiated channel
separately in here. In five flavor scheme, they are 287 ab, 1557 ab, and 25800 ab, respectively.
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√
s (TeV) σ WWH,LOgg [ab] σ
WWH,LO
qq [ab] σ
WWH,NLO
qq [ab] R =
σ WWH,LOgg
(σ WWH,NLOqq −σ WWH,LOqq )
14 290+27.6%−21.0% 8664
+0.4%
−0.7% 10660
+2.1%
−1.7% 0.145
27 1344+22.5%−18.8% 22990
+2.1%
−2.7% 29970
+1.7%
−1.8% 0.193
100 17403+20.6%−17.8% 126800
+7.5%
−8.1% 167200
+2.1%
−3.4% 0.431
Table 3: A comparison of different perturbative orders in QCD coupling contributing to
pp → WWH hadronic cross section at √s = 14, 27, and 100 TeV. The ratio R quantifies
the gg contribution with respect to the qq(LO) and qq(NLO) contributions. qq results do
not include bottom quark contribution.
As regards uncertainties, let us first consider the gg fusion channel. Like the ZZH
case, the percentage uncertainty is caused more by renormalization scale variation than
the factorization scale variation. The percentage uncertainty due to renormalization scale
variation are more or less same for all the colliders. However, the uncertainty due to factor-
ization scale variation is different for different colliders as different x, partonic momentum
fraction, regions contribute to the process. While at 100 TeV collider cross-section increases
with the increase in factorization scale, it decreases at 14 TeV and 27 TeV colliders.
For the qq initiated channel, our conclusions are same as that for ZZH case. The
LO cross section depends on factorization scale, but NLO depends on both scales as the
correction has αs in it. Even though the NLO cross-section depends on renormalization
scale, here uncertainly is lesser than LO qq initiated channel as we use NLO PDF in which
factorization scale uncertainty is smaller and NLO correction which is smaller than the
LO qq initiated cross section by a factor of around 3, cannot contribute that much to the
uncertainty. In the gg fusion channel α2s appears as an overall factor, whereas in qq channel
αs appears only in QCD correction part (which is smaller than LO qq cross-section by a
factor of around 3). This leads to larger uncertainties in gg fusion contribution.
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Figure 8: SM contribution of pentagon (blue), box(green), triangle (gray) diagrams, as
well as their square sum, interference and total contribution to partonic center-of-mass
energy and pT (H) distributions in gg → WWH at 100 TeV FCC-hh collider. As can be
seen, there is strong destructive inteference between the penta, box, and triangle diagrams.
Like gg → ZZH production case, interference of various diagrams plays a major role
in gg → WWH production as well. In Fig. 8, we have shown the M(WWH) and pT (H)
distributions for penta, box, triangle, sum of their individual contributions, interference
and total at the 100 TeV collider (FCC-hh). As can be seen, the individual box, triangle
and penta contribute from highest to lowest. The total contribution is much smaller than
the box contribution because of strong destructive interference effect, which is shown by
orange histogram in the figure. Another important observation is that while box contributes
significantly at higher partonic center-of-mass energy, the total contribution is very small
there.
In the left figure of Fig. 9, we can see that the pT distribution of W+ and W− overlap
with each other, which is as expected in the case of gg fusion channel. The pT -distribution
peaks around 100 GeV, and we see the production cross section for very large pT Higgs
boson is more than that of W+ or W−. In the right of Fig. 9, the distribution for center-
of-mass energy has been shown, which peaks around 450 GeV. A smaller peak around 350
GeV can be seen in this. This is happening because of the tt¯ threshold effect.
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Figure 9: pT and M(WWH) distributions for gg → WWH in the SM at the 100 TeV
collider (FCC-hh). As expected, the pT distributions for W+ and W− fall on each other as
the process is a gg fusion one.
In the left figure of Fig. 10, the normalized pT distribution for Higgs boson in gg and
qq initiated processes have been shown for 100 TeV collider (FCC-hh). In the right figure,
in the top panel, distribution of qq (NLO) + gg (LO) and qq (NLO) and in the bottom
panel their ratio is displayed. The dashed line shows the ratio of corresponding total cross
sections, which is 0.1.
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Figure 10: The left figure shows the normalized distribution for pT (H) in gg and qq
initiated process. In the top panel of the right figure, we show the distribution of qq
(NLO)+ gg (LO) and qq (NLO) production against pT (H). The lower panel shows their
ratio. Results do not include contribution of bb quark initiated process .
5.2.2 Effect of Anomalous Couplings
Next we focus on the effect of anomalous coupling on the total and differential cross sec-
tions. The qq initiated channel depends on κV only. The gg fusion channel depends on
κt, κλ, and κV, see Fig. 2. We vary these κ’s by 10%. The results for these anomalous
couplings have been shown in Table 4. While gg fusion channel shows mild dependence on
anomalous κλ, it shows strong dependence on anomalous κt and κV . In the qq initiated
channel, κ2V comes as an overall factor. In the gg fusion channel, ±10% change in κt causes
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55% and -2% change in the cross section, respectively, while ±10% change in κV causes
40% and -25% change in the cross section, respectively. As in qq initiated channel κ2V comes
as an overall factor, a change in 10% in κV gives around 20% change in this channel.
√
s (TeV) κi σ
WWH,LO
gg [ab] σ
WWH,LO
qq [ab] σ
WWH,NLO
qq [ab] R =
σ WWH,LOgg
(σ WWH,NLOqq −σ WWH,LOqq )
SM 17155 126800 167200 0.42
1.1 26572 [ 55%] 0.66
κt 126800 167200
0.9 16868 [-2%] 0.42
100 1.1 16696 [-3%] 0.41
κλ 126800 167200
0.9 17708 [ 3%] 0.44
1.1 23970 [ 40%] 153300 [ 21%] 203500 [ 22%] 0.48
κV
0.9 12837 [-25%] 101900 [-20%] 135200 [-19%] 0.39
Table 4: Effect of various anomalous couplings on WWH production for the 100 TeV
collider. The production cross section via qq initiated channel shows strong dependence
on κV only. The gg fusion channel shows strong dependence on κt and κV . The numbers
in the square brackets show percentage change in the cross section in BSM scenario with
respect to the SM one. qq results do not include bottom quark contribution.
In Fig. 11, we show the distributions which show the effect of κt and κV in gg fusion
channel. We do not show the distribution for anomalous κλ as its effect on cross section is
very small. In the left panel, we see the shape remains more or less same. In the top parts
of the plots in the right panel, we show the absolute distribution. In the bottom part of
the plots, we show the ratio of distribution for BSM scenario to that of the SM one. We
see that in the bins around 400 GeV, this ratio is around 1.5 for κt = 1.1 and κV = 1.1.
For κt = 0.9, the ratio remains close to 1 throughout all the bins and for κV = 0.9, it is in
the range 0.7–0.8.
In the left panel of Fig. 12, the normalized distribution falls on each other as the κV
comes as an overall factor unlike in gg fusion channel where it is present only in some
specific diagrams. In the bottom part of figures in the right panel, it can be seen that in
all the bins the ratio is nearly same, 1.2 and 0.8 for kV = 1.1 and 0.9, respectively. It is as
expected because of the overall k2V factor.
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Figure 11: Effect of anomalous values of κt and κV on WWH production via gluon fusion
channel. The left panel shows normalized distribution, and right panel shows distributions
and their ratio with the SM one.
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Figure 12: Effect of anomalous value of κV on NLO QCD WWH production via qq LO
and NLO channel at 100 TeV collider.
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5.3 The process pp→ γZH
5.3.1 Standard Model Predictions
The gg contribution is very small for this process. As mentioned in section 2, only vector
part of Z coupling to quarks contributes to the total cross section because of Furry’s the-
orem. From Table 5, it can be seen that R, which shows the ratio of gg contribution to
NLO correction to qq channel, is at most 0.06 for 100 TeV collider, and even smaller for
LHC (14 TeV) and HE-LHC (27 TeV). We present results for two cuts on pT of γ: 50 GeV
and 100 GeV. It can be seen that with larger pγT , reduction in qq channel is more than that
in gg channel. With pγT > 50 GeV, the gg fusion contribution to γZH at 14, 27, and 100
TeV colliders are 4 ab, 16 ab, and 168 ab, respectively. The corresponding values for the
LO qq contribution are 689, 1733, and 7498 ab, respectively4.
√
s (TeV) σγZH, LOgg [ab] σ
γZH, LO
qq [ab] σ
γZH,NLO
qq [ab] R =
σ γZH, LOgg
(σ γZH,NLOqq −σ γZH, LOqq )
pγT p
γ
T p
γ
T p
γ
T
> 50 GeV > 100 GeV > 50 GeV > 100 GeV > 50 GeV > 100 GeV > 50 GeV > 100 GeV
14 4.0+26%−20% 1.8
+27%
−21% 689
+0%
−0.2% 225
+1.2%
−1.4% 909
+1.7%
−1.3% 295
+1.8%
−1.5% 0.018 0.026
27 16+22%−17% 8.1
+22%
−17% 1773
+3.0%
−3.6% 613
+1.7%
−2.2% 2349
+1.7%
−2.1% 853
+1.8%
−1.8% 0.028 0.034
100 168+21%−19% 93
+23%
−15% 7498
+8.8%
−9.4% 2749
+7.2%
−7.8% 10430
+2.2%
−3.8% 4106
+2.7%
−3.8% 0.057 0.069
Table 5: A comparison of different perturbative orders in QCD coupling contributing to
pp → γZH hadronic cross section at √s = 14, 27, and 100 TeV for two cuts on pγT and
|ηγ | < 2.5. We calculate ratio R which quantify the gg contribution with respect to the
NLO correction in qq initiated process. Contribution of bb channel has also been taken into
account.
In Table 6, the effect of various pγT cuts in gg and qq channel has been shown. As the
cut on pγT increases, qq channel cross-section decreases faster than the gg channel one. In
going from 20 GeV to 100 GeV cut, the cross section decreases by a factor of around 2.4,
while in LO qq channel, it decreases by a factor of around 7.
4bb quark contributions are included in here, which are 4.8 ab, 24.0 ab, and 251 ab, respectively. This
has been done in five-flavor scheme using Madgraph.
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cuts gg → γZH [ab] qq → γZH(LO) [ab] qq → γZH(NLO) [ab]
pγT > 20 GeV 229 19870 25750
pγT > 30 GeV 204 13440 18000
pγT > 50 GeV 167 7589 10340
pγT > 100 GeV 95 2812 4072
pγT > 100 GeV,p
Z,H
T > 50 GeV 68 2245 3255
Table 6: Cross sections for pp → γZH production at the 100 TeV collider (FCC-hh). A
pseudo-rapidity cut of |ηγ | < 2.5 has been imposed. b quark contribution has also been
considered in these results.
In Fig. 13, we show the M(γZH) and pT (H) distributions for penta, box, their square
sum, total, and their interference at the 100 TeV collider. The interference effect is partic-
ularly interesting here. In some range of center-of-mass energy it is constructive, at some
other range it is destructive. The contribution of box is more than the penta. Later, we will
see because of this, dependence of cross section on anomalous kV is more than anomalous
kt.
In Fig. 14, we have plotted pT distribution for final state particles in the left figure,
and partonic centre-of-mass energy distribution in the right figure for the 100 TeV collider.
The pT distributions for them peak around 50–100 GeV.
√
sˆ distribution peaks around 400
GeV. Like the gg → ZZH production case, we don’t see any visible tt¯ threshold effect in
the partonic center-of-mass energy distribution.
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Figure 13: SM contribution of pentagon (blue) and box (green) diagrams, as well as
their square sum, interference, and total contribution to partonic center-of-mass energy
and pT (H) distributions in gg → γZH at 100 TeV FCC-hh collider. The interference
shows an interesting effect. In 300 – 400 GeV range of partonic center-of-mass energy, it
is constructive, while it is destructive at energies higher than that. pγT > 50 GeV has been
imposed.
– 20 –
p
T
γ
p
T
Z
p
T
H
0 100 200 300 400
0
10
20
30
40
gg -> γZH
p
T
(GeV)
d
σ
d
p
T
[a
b
/b
in
]
s = 100 TeV
0 200 400 600 800 1000 1200 1400
0
5
10
15
gg -> γZH
M(γZH) (GeV)
d
σ
d
M
[a
b
/b
in
]
s = 100 TeV
Figure 14: Kinematic distributions for gg → γZH in the SM at 100 TeV. pγT > 50 GeV
has been imposed.
5.3.2 Effect of Anomalous Couplings
In this section we discuss the effect of anomalous κt and κV . The gg channel shows very
small dependence on anomalous κt, as it is present only in pentagon diagram whose contri-
bution is small, see Fig. 13. However, it strongly depends on κV , as the box contribution
is much more than penta. For the qq channel only κV is relevant5. In the cross section
κ2V comes as an overall factor. The results are tabulated in Table 7. We don’t show the
effect of anomalous coupling on the distribution. However it can be understood what the
effect will be in gg fusion channel from Fig. 13, and for qq channel it is straightforward as
differential cross section in each bin gets scaled by κ2V .
√
s (TeV) κi σ
γZH, LO
gg [ab] σ
γZH, LO
qq [ab] σ
γZH,NLO
qq [ab] R =
σ γZH, LOgg
(σ γZH,NLOqq −σ γZH, LOqq )
SM 166 7498 10430 0.06
1.1 175 [ 5.4%] 0.06
100 κt 7498 10430
0.9 164 [-1.2%] 0.06
1.1 196 [ 18%] 9049 [ 21%] 12650 [ 21%] 0.05
κV
0.9 141 [-15%] 6138 [-18%] 8448 [-19%] 0.06
Table 7: Effect of various anomalous couplings on γZH production for the 100 TeV collider.
The effect of anomalous κt on gg fusion channel cross section is smaller than anomalous κV .
The qq channel does not depend on κt, as no diagram has this ttH vertex. The numbers
in the square brackets show percentage change in the cross section in BSM scenario with
respect to the SM one.
5as the bbH coupling is too small its contribution will be too small. And most of the bb channel comes
from the diagrams where Higgs boson is radiated off Z boson.
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5.4 The process pp→ γγH
5.4.1 Standard Model Predictions
Like γZH production, the cross sections are small. But unlike to γZH, gg fusion process
give the dominant contribution to pp → γγH process. We present results for two cuts on
pT of γs: 50 GeV and 100 GeV. With p
γ
T > 50 GeV, the gg fusion contribution to γγH
at 14, 27, and 100 TeV colliders are 5.4 ab, 22 ab, and 220 ab, respectively. As far as qq
initiated production is concerned, only bb channel can produce γγH. However, this cross
section is quite small, owing to small bottom yukawa coupling. At LO these cross sections
are 0.033 ab, 0.153 ab, and 1.4ab, respectively. The qq channel calculation has been done
in five-flavour scheme. The results are tabulated in Table 8.
√
s (TeV) σγγH,LOgg [ab] σ
γγH,LO
qq [ab] σ
γγH,NLO
qq [ab]
pγT p
γ
T p
γ
T
> 50 GeV > 100 GeV > 50 GeV > 100 GeV > 50 GeV > 100 GeV
14 5.36+28%−20% 2.98
+28%
−20% 0.033
+13%
−14% 0.0031
+9%
−10% 0.046
+5%
−6% 0.0039
+4%
−5%
27 22.0+22%−19% 13.0
+22%
−18% 0.153
+15%
−17% 0.0181
+12%
−13% 0.234
+5%
−7% 0.025
+4%
−6%
100 220.1+27%−21% 137.8
+32%
−19% 1.4
+20%
−20% 0.21
+16%
−16% 2.25
+5%
−8% 0.34
+5%
−7%
Table 8: A comparison of different perturbative orders in QCD coupling contributing
to pp → γγH hadronic cross section at √s = 14, 27, and 100 TeV for two cuts on pγT ,
|ηγ | < 2.5, and ∆Rγγ > 0.4. Unlike the previous processes, here we don’t show the ratio
(R) of gg channel contribution to NLO QCD correction in qq channel, since the tree level
contribution of the latter channel is too small in comparison to the former one.
In Table 9, the effect of various pγT cuts in gg and qq channel has been shown. As the
cut on pγT increases, qq channel cross section decreases faster than the gg channel one. In
going from 20 GeV to 100 GeV cut, the cross section decreases by a factor of around 2.2,
while in LO qq channel decreases by a factor of around 57.
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cuts gg→ γγH [ab] qq→ γγH(LO) [ab] qq→ γγH(NLO) [ab]
pγT > 20 GeV 245 10.8 16.9
pγT > 30 GeV 243 4.6 7.5
pγT > 50 GeV 222 1.4 2.2
pγT > 100 GeV 139 0.21 0.34
pγT > 100 GeV,p
Z,H
T > 50 GeV 113 0.19 0.31
Table 9: Cross sections for pp → γγH production at the 100 TeV collider (FCC-hh). A
pseudo-rapidity cut of |ηγ | < 2.5 and ∆Rγγ > 0.4 have been imposed. Only bottom quark
can contribute to the qq initiated process. The cross-section in this channel is also too
small, owing to tiny bottom Yukawa coupling.
Unlike the previous processes, there is no box or triangle diagrams in the gg fusion
channel. There are pentagon diagrams only. So here we do not have any interference effect,
see Eq. 3.1. In Fig. 15, we have plotted pT distribution for hardest γ, next-to-hardest
γ, and H in the left figure, and partonic centre-of-mass energy distribution in the right
figure for the 100 TeV collider (FCC-hh). The pT distributions for them peak around 150
GeV, 90 GeV, and 70 GeV, respectively.
√
sˆ distribution peaks around 475 GeV. Like the
gg → ZZH and gg → γZH production cases, we don’t see any visible tt¯ threshold effect
in the partonic center-of-mass energy distribution.
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Figure 15: Kinematic distributions for gg → γγH in the SM at 100 TeV. These plots have
been made using histogram data obtained after pT ordering of two γs — γ1 and γ2 refer
to the hardest and second hardest in pT , respectively. p
γ
T > 50 GeV and ∆Rγγ > 0.4 have
been imposed.
5.4.2 Effect of Anomalous Couplings
Let us consider first gg fusion channel. As there are only pentagon diagrams, in the cross
section expression, κ2t is present as an overall factor. So a 10% change in κt will render
around 20% change in the cross section, which we see in the Table 10. We don’t show the
effect of this anomalous coupling on the distribution, as the cross section in every bin will
simply be scaled by the constant factor κ2t . For the qq initiated process, the cross section
is too small. It depends on κb, which we do not change from the standard model value.
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√
s (TeV) κi σ
γγH,LO
gg [ab] σ
γγH,LO
qq [ab] σ
γγH,NLO
qq [ab]
100
SM 222.4 1.4 2.2
1.1 269.6 [ 21%]
κt 1.4 2.2
0.9 180.1 [-19%]
Table 10: Effect of various anomalous couplings on γγH production for the 100 TeV
collider. pγT > 50 GeV and ∆Rγγ > 0.4 have been imposed.
6 Conclusion
We considered four processes: production of γγH, γZH, ZZH, and WWH at proton-
proton collider. Our main focus had been the gluon-gluon fusion contribution to these
processes, which occur at NNLO in αs. We find, at 100 TeV collider, the contribution of
gg → ZZH production channel to ZZH production is as important as the fixed order QCD
NLO correction to quark-quark initiated channel. At 100 TeV collider, gg →WWH channel
cross-section is around half the fixed order NLO QCD correction to qq initiated channel.
gg → γZH channel contribution is around 6% of NLO QCD correction in qq initiated
channel. γZH production shows one interesting feature: with pT cut on photon, qq channel
contribution decreases faster than the gg channel contribution. For γγH production, gluon-
gluon fusion channel can be said to be only production channel, as the bb initiated process
contribution is negligibly small.
We have studied various features of the diagrams, such as gauge invariance, UV finite-
ness, IR finiteness etc. in detail. We have shown interference effects between pentagon,
box, and triangle class. Besides, cross-sections values at LHC, HE-LHC, and FCC-hh, we
have shown distributions for them in gluon-gluon fusion channel and compare the distribu-
tion with that qq initiated channel. In gg →WWH, in the partonic center-of-mass energy
distribution, a small peak can be observed at 350 GeV, owing to tt¯ threshold effect.
In addition to the SM results, effect of anomalous couplings (κt, κV , and κλ) for
tt¯H, HV V , HHV V , and HHH vertices have been studied in the kappa framework. A
strong dependence on anomalous κt and κV could be seen in the gluon fusion channel, if
these coupling are present in the Feynman diagrams of the process under consideration.
However, qq channel depends strongly on κV only. Another distinction is that in gluon
fusion channel anomalous κt and κV changes the shape of the distribution. But in the qq
channel, κV doesn’t change the shape as it is linearly present in all the diagrams. So the
anomalous coupling in qq channel, in addition to scaling the total cross-section by κ2V , scale
the differential cross-section in every bin by the very same factor. We didn’t see large effect
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of anomalous triple higgs coupling as it is present in very small number of diagrams for
gg → ZZH and gg →WWH processes.
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A Comment on Z mediated triangle diagrams in gg → WWH
It is a well known theorem due to Landau and Yang that a massive spin-1 particle cannot
decay into two on-shell spin-1 massless particles [51, 52]. The same theorem can be applied
to argue that the gg → Z amplitude vanishes for on-shell Z boson. This can be easily
verified at LO using the on-shell conditions for the gluons and the Z boson. In the past, we
have shown that even if the Z boson is off-shell, the LO gg → Z∗ can vanish provided the
off-shell Z boson is linked to a conserved current [13]. This is so becauseMµνρ(gg → Z∗) ∝
pρZ∗ . This result is useful for many gluon fusion processes which recieve contribution from
such triangle topology. gg →WW is one such example [53, 54]. In our case, gg →WWH
is the process which depends on Z mediated triangle diagrams. See Fig. 2 (h) and (i). We
will explicitely show that Fig 2(i) does not contribute to the gg → WWH amplitude. For
this we need to just prove that the sum of the currents shown in Fig. 16 when contracted
with the momentum (p1 + p2)ν vanishes.
Z∗(p1 + p2)
W−(p3)
W+(p4)
H(p5)
ν
α
β
W−(p3)
W+(p4)
H(p5)
Z∗(p1 + p2)
J ν1 J ν2
α1
α2
Figure 16: Currents attached to Z∗ in Fig. 2(i). All the momenta are incoming.
In the following derivation we use, p1 + p2 = p12, p3 + p5 = p35 and p4 + p5 = p45. The
polarization vectors ofW− andW+ are denoted by eα3 (p3) and e
β
4 (p4) respectively. We first
calculate the contraction of J1 with p12.
M1 = pν12J1ν = pν12
(
gνα1(p12 − p35)β + gα1β(p35 − p4)ν + gβν(p4 − p12)α1
)
×
−gα1α2 + pα135pα235/M2W
p235 −M2W
gα2α eα3 (p3) e
β
4 (p4) (A.1)
=
(
pα112 (p12 − p35).e4 + eα14 p12.(p35 − p4) + p12.e4(p4 − pα112 )
)
×
−eα13 + pα135p35.e3/M2W
p235 −M2W
(A.2)
=
(
− p12.e3(p12 − p35).e4 − e3.e4p12.(p35 − p4)− p12.e4(p4 − p12).e3
)
/(p235 −M2W )
+
p35.e3
M2W (p
2
35 −M2W )
(
p12.p35(p12 − p35).e4 + p35.e4p12.(p35 − p4)
−p12.e4(p4 − p12).p35
)
(A.3)
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Using momentum conservation p12 = −p35−p4 and transversality conditions e3.p3 = e4.p4 =
0, we get
M1 =
(
− 2p35.e4p45.e3 + e3.e4(p235 − p24) + p35.e4(p4 + p45).e3
)
/(p235 −M2W )
+
p35.e3
M2W (p
2
35 −M2W )
(
2p35.e4(p35 + p4).p35 − p35.e4(p235 − p24)− p35.e4(2p4 + p35).p35
)
(A.4)
=
−p35.e3p35.e4 + e3.e4(p235 − p24)
(p235 −M2W )
+
p35.e3
M2W (p
2
35 −M2W )
p35.e4p
2
4 (A.5)
Using on-shell condition p24 = M2W , we arrive at
M1 = e3.e4. (A.6)
Following similar steps, it can be shown that the contraction of J2 with p12 leads to,
M2 = pν12J2ν = −e3.e4. (A.7)
Combining equations A.6 and A.7 we obtain the desired result: M1 +M2 = 0. Thus we
have proved that indeed the current associated with Z∗ in Fig. 16 is a conserved current
and therefore the triangle amplitude for Fig. 2(i) vanishes for each quark flavour in the
loop. It can be verified explicitely that the current associated with Z∗ in Fig. 2(h) is not
a conserved current and therefore it does give non-vanishing contribution to gg → WWH
amplitude.
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